We explore Two Higgs Doublet Models with non-standard flavor structures. In analogy to the four, well studied, models with natural flavor conservation (type 1, type 2, lepton-specific, flipped), we identify four models that preserve an approximate U (2) 5 flavor symmetry acting on the first two generations. In all four models, the couplings of the 125 GeV Higgs are modified in characteristic flavor non-universal ways. The heavy neutral and charged Higgs bosons show an interesting non-standard phenomenology. We discuss their production and decay modes and identify the most sensitive search channels at the LHC. We study the effects on low energy flavor violating processes finding relevant constraints from B d and B s meson oscillations and from the rare decay B s → µ + µ − . We also find that lepton flavor violating B meson decays like B s → τ µ and B → K ( * ) τ µ might have branching ratios at an observable level.
Measurements of Higgs rates at the LHC show that the Standard Model (SM) Higgs mechanism
provides the bulk of the masses of the third generation fermions. The decay h → τ + τ − has been observed at a rate compatible with the SM prediction [1] . Similarly, evidence exists for a SM-like h → bb decay [2, 3] . Recently, production of the Higgs in association with top quarks has been observed in agreement with the SM [4] .
Much less is known about the origin of the first and second generation masses. With the exception of the muon, direct measurements of Higgs couplings to the light fermions are extremely challenging. It is therefore unknown if the light fermions obtain their mass from the Higgs boson.
A complementary approach to probe the origin of light fermion masses is to search for signatures of alternatives to the SM Higgs mechanism in which the light fermion masses originate from a new source of electroweak symmetry breaking. The simplest realization of such a setup is the Two Higgs Doublet Model (2HDM).
In [5] a 2HDM setup was proposed in which one Higgs doublet couples only to the third generation fermions, and a second Higgs doublet couples mainly to the first and second generation (see also [6] [7] [8] [9] ). A dynamical generation of such a coupling structure can be achieved using the flavor-locking mechanism [10, 11] . The collider phenomenology of this "flavorful" 2HDM scenario was discussed in [12] .
The proposed 2HDM goes beyond the principle of natural flavor conservation (NFC) [13] and introduces flavor changing neutral currents (FCNCs) at tree level. However, the Yukawa couplings of the first Higgs doublet to the third generation preserve a U (2) 5 flavor symmetry, which is only broken by the small couplings of the second Higgs doublet. The approximate U (2) 5 symmetry protects the most sensitive flavor violating transitions between the second and first generation.
In this work we explore additional flavor structures for 2HDMs that approximately preserve a U (2) 5 flavor symmetry for the first two generations. Starting from the flavorful 2HDM scenario of [5] we "twist" the Yukawa couplings of the down-type quarks and/or leptons by exchanging the Higgs doublets these fermions couple to. In analogy to the four well studied 2HDMs with natural flavor conservation (type 1, type 2, lepton-specific, flipped) we obtain four flavorful 2HDMs in which the third and first two generations of each fermion type (up-type quarks, down-type quarks, see [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] .)
The paper is structured as follows: In section II we introduce the four flavorful 2HDMs, discuss the Yukawa textures and the couplings of the fermions to the various Higgs boson mass eigenstates.
In section III we consider the phenomenology of the 125 GeV Higgs boson, comparing the predicted production and decay rates in our models to measurements at the LHC. In sections IV and V we evaluate the production cross sections and decay branching ratios of the heavy neutral and charged
Higgs bosons. We then compare the model predictions to the limits from current searches for extra
Higgs bosons that are being performed at the LHC and identify the most sensitive collider probes of the models. In section VI we investigate the characteristic effects of the new sources of flavor violation on low energy flavor violating processes such as meson mixing and rare B meson decays.
We conclude in section VII.
II. FLAVORFUL TWO HIGGS DOUBLET MODELS
One of the simplest realizations of a viable alternative framework of mass generation are 2HDMs
with one doublet coupling only to the third generation, and a second doublet coupling mainly to the first and second generation. Such a setup was proposed in [5] (see also [6] [7] [8] [9] 
whereφ ( ) = iσ 2 (φ ( ) ) * . The three generations of quark and lepton doublets are denoted by q i , i , and u i , d i , e i are the up quark, down quark, and charged lepton singlets. The λ and λ matrices are the Yukawa couplings.
The above setup for the Higgs couplings violates the principle of natural flavor conservation.
Both of the Higgs doublets couple to the leptons, the up-type quarks, and the down-type quarks, leading to FCNCs at tree level.
A. Yukawa textures
We are interested in Yukawa couplings beyond NFC that do not introduce an unacceptably large amount of flavor violation. This can be achieved by demanding that one set of the Yukawa couplings preserves a U (2) 5 flavor symmetry, acting on the first two generations. In this case, flavor transitions between the first and second generation are protected. Such transitions are absent at first order in flavor symmetry breaking and arise only at second order as an effective (2 → 3) × (3 → 1) transition. As we will discuss in section VI, effects in neutral Kaon and D meson oscillations are indeed typically well below present constraints.
We consider the following set of Yukawa matrices in the flavor basis
Due to the rank 1 nature of the λ u 3 , λ d 3 , λ e 3 Yukawa couplings, the U (2) 5 flavor symmetry acting on the first two generations is only broken by the small λ u 1,2 , λ d 1,2 , λ e 1,2 Yukawa couplings. Such a pattern of textures can be obtained using for example the flavor locking mechanism [10, 11] .
The entries in the Yukawa couplings of the first and second generations are chosen such that the mass eigenvalues reproduce the observed values without any tuning. The structure in the down sector leads naturally to the observed pattern in the Cabibbo-Kobayashi-Maskawa (CKM) matrix elements. Alternatively, the CKM matrix could also be generated in the up sector, but we will not consider this option here. The entries in the above matrices are given up to O(1) factors that, in all generality, can be complex. Table I . Summary of the way in which the SM quarks and leptons couple to the two Higgs doublets φ and φ in each of the considered models. In the models with natural flavor conservation (A), all generations of each type of fermion couple to the same Higgs doublet. In the flavorful models (B), the third generation and the first two generation couple to different Higgs doublets.
This leaves us with four distinct "flavorful" possibilities to assign the two Higgs doublets to the down-quarks and leptons. In analogy to the four well known 2HDMs with natural flavor conservation (that we refer to as type 1A, type 2A, lepton-specific A, and flipped A, in the following) we denote our four flavorful models as type 1B, type 2B, lepton-specific B, and flipped B. The type 1B model was studied in some detail in [5, 11, 12] . The coupling structure of all four flavorful models is summarized in table I.
Rotating the fermions into mass eigenstates, we define the following mass parameters
with quark mass eigenstates q, q = u, c, t. These mass parameters obey m u+ m u= m q δ, where m q are the observed up-type quark masses. Analogous definitions and identities hold for the down-type quarks and the charged leptons. We find the following values for the up mass parameters in all four types of flavorful models Table II . The leading order flavor diagonal coupling modifiers of the 125 GeV Higgs h.
As we assume that the CKM matrix is generated in the down sector, the CKM elements V ts and V td appear in several of the down-type mass parameters.
The O(1) terms in the above expressions are free parameters that in general can be complex.
It is worth noting that due to those O(1) terms, the off-diagonal mass parameters m f f and m f f need not be the same for any type of fermion. It is also important to note that in all cases the mass parameters that are responsible for flavor mixing between the first and second generation are suppressed by small mass ratios and not independent from the mass entries that parameterize mixing with the third generation. All (2 → 1) mixing is given by an effective (2 → 3)
mixing. This is a consequence of the breaking of the U (2) 5 symmetry by only one set of Yukawa couplings.
B. Couplings of the Higgs bosons
Next, we discuss the couplings of the physical Higgs bosons in the four different models. We largely follow the notation and conventions in [12] and state only the relevant results.
The part of the Lagrangian that parametrizes the couplings to the three neutral scalars, h, H, and A (we identify h with the 125 GeV Higgs), as well as the charged Higgs H ± to mass eigenstate fermions is written as
Type 1A Table III . The leading order flavor diagonal coupling modifiers of the heavy scalar Higgs H. 
For the flavor diagonal and off-diagonal couplings of the neutral Higgs bosons to leptons one finds
where we introduced the coupling modifiers κ with respect to the SM Higgs couplings. We use the notation c φ = cos φ, s φ = sin φ, and t φ = tan φ. Ignoring neutrino mixing (which is of no relevance for our study) one finds for the charged Higgs couplings to leptons
In the expressions for the charged Higgs couplings to quarks, the CKM matrix V enters. We find
All of these expressions for the couplings are completely generic and can be applied to any of our flavorful models. The only terms that change in the different models are the m mass parameters, as given in Eqs. 8). We can compare the Higgs production and decay rates predicted by our models to those measured by ATLAS and CMS in order to constrain the new physics parameter space.
To determine the constraints from the measured Higgs signals we construct a χ 2 function
where (σ × BR)
are the experimental measurements, the Standard Model predictions, and flavorful 2HDM predictions for the production cross sections times branching ratio of the various measured channels.
The ratios of experimental measurements and SM predictions that enter Eq. (14) are given by the signal strength modifiers that are reported by ATLAS and CMS. The SM predictions for the production cross sections and branching ratios are taken from [26] . The ratios of BSM and SM predictions for individual channels can be obtained in a straight-forward way as functions of the coupling modifiers. For the gluon-gluon fusion production (ggf), vector boson fusion production (VBF), production in association with W and Z bosons (Wh, Zh), and production in association with top quarks (tth), we have
where for the loop induced gluon-gluon fusion we take into account top and bottom contributions at 1-loop. For tree level decays, the partial widths simply scale with the appropriate coupling modifiers. In the case of the loop induced h → gg decay width we take into account top and bottom contributions at 1-loop (We explicitly checked that loops with lighter quarks do not lead to any appreciable effects). For h → γγ we consider W , top, and bottom loops. We neglect charged
Higgs loops, that are typically tiny [27] Γ BSM
The covariance matrix in Eq. (14) contains the experimental uncertainties and (where available) the correlations among the uncertainties. We assume that theory uncertainties in the ratio of BSM and SM predictions are negligible compared to current experimental uncertainties. We take (that we define as ∆χ 2 = χ 2 − χ 2 SM < 1, 4) in the four flavorful models. We also compare these regions to the 2σ constraint in the corresponding models with natural flavor conservation (dashed contours). The plot for the type 1B model updates the corresponding result in [12] .
The couplings of the 125 GeV Higgs to the third generation fermions are already constrained by current data to be SM-like at the level of 10% -20%. By coupling the τ and/or b to the second doublet (as in the type 2B, lepton-specific B, and flipped B models), we therefore find the parameter space to be more strongly constrained than in the type 1B model. Note that in those models there are two distinct regions of parameter space: one region close to the alignment limit cos(β − α) 0, where the mixing between the 125 GeV Higgs and heavy Higgs is tiny and all h couplings become SM-like, and a second narrow strip where the bottom and/or the tau coupling have opposite sign with respect to the SM prediction. The constraints for the type 2B and flipped B models are very similar, implying that the bottom coupling (which largely determines the total width of h) is the most important factor in determining the parameter space of these models. Generally, as tan β gets very large or very small the κ values can deviate substantially from 1, resulting in strong constraints. Moderate values for tan β are the least constrained.
Currently, the only decay of the Higgs into a non-third generation fermion which has been constrained in a relevant way at the LHC is the decay to µ + µ − [35, 36] . However, the current sensitivities to the h → µ + µ − decay are not sufficient to impose strong constraints on our parameter space, yet. Future precise measurements of h → µ + µ − can potentially constrain large parts of the open parameter space of the type 1B model. The type 2B and flipped B models will be mainly constrained by improved measurements of h → bb. For the lepton-specific B model, future precision measurements of h → τ + τ − will give the most relevant constraints.
B. Flavor violating decays
Along with altering the flavor diagonal couplings of the light Higgs, the introduction of the second doublet also introduces flavor violating couplings of h to the fermions. We expect in our models a number of FCNC decays that are extremely suppressed in the SM, most notably rare top decays t → ch and t → uh as well as lepton flavor violating Higgs decays h → τ µ, h → τ e, and h → µe.
In all four flavorful models the branching ratio of t → ch is given by
From our study of Higgs signal strength measurements described in section III A we find in all four flavorful models the constraint , it is below the current and expected sensitivities at the LHC [43, 44] . The decay t → hu is further suppressed by the up quark mass and generically not larger than 10 −10 , i.e. far below any foreseeable experimental sensitivity. Rare top decays could have much larger branching ratios if the CKM matrix is generated in the up-sector.
The branching ratio for the rare Higgs decay
where Γ h 4 MeV is the total Higgs width. This expression holds in all four flavorful models, and we generically expect branching ratios up to ∼ 10 −3 . This has to be compared to the current bounds on this branching ratio from CMS [45] and ATLAS [46] BR
Future searches for h → τ µ will start to probe interesting new physics parameter space.
In all our models, the branching ratio of h → τ e is suppressed by a factor of m 2 e /m 2 µ ∼ 10 −5 compared to h → τ µ and therefore outside the reach of foreseeable experiments. The branching ratio of h → µe is further suppressed and generically not larger than 10 −10 .
IV. HEAVY NEUTRAL HIGGS PRODUCTION AND DECAYS
We expect a distinct collider phenomenology for the heavy Higgs bosons in each of our models. In contrast to models with natural flavor conservation, flavor alignment, or minimal flavor violation [13, 27, [47] [48] [49] [50] , the coupling modifiers of the heavy Higgs bosons to fermions are not flavor universal. The difference is particularly striking for moderate and large tan β. As shown in table III, for cos(β − α) 0 and tan β 1, whenever the coupling to a third generation fermion is suppressed by a factor sin α sin β 1 tan β , the couplings to the corresponding first and second generation fermions are enhanced by a factor cos α cos β tan β, and vice versa. Depending on the type of flavorful model, a specific set of fermions can dominate the decay of the heavy Higgs bosons and cause different types of production modes to be more or less relevant. In the following we will focus on the type 2B, lepton-specific B, and flipped B models. The collider phenomenology of the type 1B model has been discussed previously in [12] .
For the numerical results that will be presented in this section as well as in the subsequent charged Higgs section we will consider a fixed set of m mass parameters. To choose m parameters in the up and lepton sectors, we start with the Yukawa textures from Eqs. 
A. Production cross sections
As we have seen in section III A, the type 2B, lepton-specific B, and flipped B models are strongly constrained by Higgs signal strength measurements. In order to have maximal freedom in choosing a value for tan β, we will limit our discussion to the decoupling limit and thus set cos(β − α) = 0 1 . In this limit the couplings of the heavy scalar and pseudoscalar Higgs to fermions are identical and, furthermore, their couplings to gauge bosons vanish. The main production modes of the heavy neutral Higgs bosons are therefore: gluon-gluon fusion, production in association with tops or bottoms, and direct production from ainitial state. Vector boson fusion and production in association with gauge bosons is absent. 1 As shown in Fig. 1 , there are also tuned narrow strips of parameter space beyond the decoupling limit of the type 2B, lepton-specific B, and flipped B models that are allowed by Higgs signal strength data. In those regions of parameter space the bottom and/or the tau couplings of h have opposite sign with respect to the SM prediction.
A detailed study of the heavy Higgs phenomenology in these "flipped sign scenarios" is beyond the scope of this work. (See e.g. [51] [52] [53] for corresponding studies in models with NFC.) We compute the cross section of the→ H processes by convoluting the leading order parton level cross section with the appropriate MMHT 2014 quark parton distribution functions (PDF) [54] 
where s is the center of mass energy of the protons. We take into account cc, bb, bs, and sb initial states. Given the small couplings to the lighter quark generations, we find that the remaining possible quark combinations are always sub-dominant (despite the larger PDF's). We do not include higher order corrections where one or two b quarks appear in the final state, keeping in mind that such processes might modify our bb → H and bs → H results by an O(1) amount [55] .
In the type 2B and flipped B models, we expect that the bb → H production is the most relevant for moderate and large tan β, thanks to the enhanced couplings to bottom quarks. Production from initial state charm benefits from slightly larger PDF's but is suppressed by the significantly smaller charm mass. In the lepton-specific B model instead, we expect cc → H to dominate for moderate and large tan β, as the couplings to bottom are suppressed.
We estimate the gg → H production cross section by scaling the corresponding cross section of a heavy Higgs with SM-like couplings from [26] by the ratio of the leading order H → gg partial width in our model and a heavy Higgs with SM-like couplings. We take the expression for the partial width from [56] .
Top associated production arises from diagrams like those shown in Fig. 2 . The corresponding cross section is identical for all four flavorful models. We use the cross section from [12] , which was obtained by summing over the initial state quarks u and c and convoluting the parton cross section with the appropriate PDF's.
The plots on the left hand side of Fig. 3 show the various production cross sections for the three considered types of models as function of tan β, for fixed Higgs mass of m H = 500 GeV, 
B. Branching ratios
The heavy Higgs bosons can in principle decay to SM fermions, to the SM gauge bosons, and to other Higgs bosons. In the decoupling limit cos(β − α) = 0, the decays of H and A to final states with massive vector bosons vanish. Decays into photons and gluons are loop suppressed and typically tiny. We assume that the heavy Higgs bosons are sufficiently degenerate, such that decays into each other are kinematically forbidden. The decay into two light Higgs bosons is in principle possible. The corresponding trilinear couplings depend on the couplings in the Higgs potential and can be made arbitrarily small. In the following, we will only consider decays into fermions.
Generically, the decay widths of the heavy scalar H to two fermions are
where we assumed that the mass of the fermions is negligible m f i ,f j m H . The color factor is N c = 1 for leptons and N c = 3 for quarks. This expression is sufficiently generic to describe both flavor conserving and flavor violating decays. In the case where one or both of the fermions is a top quark, top mass effects have to be included
We show the branching ratios of the heavy Higgs as function of tan β in the plots on the right hand side of Fig. 3 . The heavy Higgs mass is set to m H = 500 GeV and cos(β − α) = 0. The main decay modes of the heavy Higgs to the fermions are easily understood from table I, that shows to which fermions the φ doublet couples. In the type 2B and flipped B models we expect the bb decay to dominate at large tan β. For the lepton-specific setup we expect the τ + τ − decay to be the primary branching ratio. In the flipped B model, the τ + τ − decay is instead strongly suppressed. For low tan β, decays into tt dominate (if kinematically allowed). These are the same patterns as in the models with natural flavor conservation.
In contrast to the models with natural flavor conservation, decays involving charm quarks (cc and ct) can have branching ratios of O(10%) in all three flavorful models. Also the decay into tt has branching ratios of several % for large tan β, due to terms in the coupling of the heavy Higgs to tops that are proprotional to m c tan β. For tan β 15 there can be a cancellation between the leading 1/ tan β suppressed term and the m c correction, leading to an accidental vanishing of the tt branching ratio.
Also lepton flavor violating decays can arise. In the lepton-specific B model, we find the decay τ µ can have branching ratios of up to ∼ 1%. In the type 2B and flipped B model, the branching ratio of this decay mode is smaller by a factor of few, as it has to compete with the dominant decay into bb.
The branching ratios of flavor diagonal decay modes like bb, τ + τ − , and cc are fairly robust against changes in the m mass parameters. The branching ratios of flavor violating decays can change by a factor of few if the relevant m parameters are modified by an O(1) amount.
In the decoupling limit, the scalar and pseudoscalar Higgs couplings are identical. Consequently, the production cross sections and branching ratios of the pseudoscalar Higgs are very similar to the scalar Higgs and we do not show the plots for the pseudoscalar. Cross section ratios smaller than 1 are experimentally excluded.
C. Constraints from direct searches
Having examined the main production and decay modes of the heavy neutral Higgs bosons of the flavorful models we now compare results from current heavy Higgs searches at the LHC with the model predictions. We find the most relevant constraints come from
• searches for H → τ + τ − with the Higgs produced either in gluon-gluon fusion, or in association with b quarks (ATLAS [64] ).
In Fig. 4 we show the ratio of the experimentally excluded rate (σ ×BR) exp to the rate predicted in our flavorful 2HDMs (σ × BR) BSM as function of the heavy Higgs mass for a benchmark scenario with tan β = 25 and cos(β − α) = 0. If this ratio is below 1, the model is excluded for the given set of parameters.
Concerning, the experimental searches that target Higgs production in association with bottom quarks, we estimate the theoretical production cross section from bb → H, keeping in mind that higher order corrections might change the result by an O(1) amount. The corresponding constraints in the plots of Fig. 4 are labeled with the subscript "bbF". If experimental constraints assume gluongluon fusion production, we take into account both gluon-gluon fusion and also production from cc, which should lead to the same experimental signature. The corresponding constraints are labeled "ggF". If no particular production mode is singled out by the experimental search, we add up all the production mechanisms. For each individual channel we show the strongest constraint among the considered experimental analyses.
We observe that for tan β = 25 the type 2B and the lepton-specific B models are strongly constrained by searches for heavy Higgs decaying to a τ + τ − final state. Heavy Higgs masses up to ∼ 1 TeV (type 2B) and up to ∼ 500 GeV (lepton-specific B) are already excluded in this case.
The constraints are much weaker in the flipped B model. Searches for di-muon, bb and di-jet resonance searches have sensitivities that start to approach the model predictions, but currently do not exclude parameter space with tan β = 25.
Note that the excluded mass ranges are extremely sensitive to the values of tan β. For large tan β the production cross sections in all models are approximately proportional to tan 2 β. So, the cross section ratios quickly go below the exclusion line. However, as tan β becomes small the constraints generically get weaker and the constraints in the type 2B and lepton-specific B case can be easily avoided.
V. CHARGED HIGGS PRODUCTION AND DECAYS
The collider phenomenology of the charged Higgs in the type 1B model has been discussed previously in [12] . Here we discuss the phenomenology of the charged Higgs in the type 2B, lepton-specific B, and flipped B models.
A. Production cross sections
As for the neutral Higgses, the main production mode is again primarily fromfusion. We estimate these cross sections using an expression analogous to Eq. (23) along with the MMHT 2014
PDFs [54] . Also production in association with a top quark (see diagrams in Fig. 2 ) can become important. The corresponding production cross section is taken from [57] .
We show the production cross sections as function of tan β in Fig. 5 . As an example, we use the charged Higgs mass m H ± = 500 GeV and set cos(β − α) = 0.
At low tan β, the production in association with a top quark dominates in all three flavorful models. In the type 2B and flipped B models production in association with a top quark remains dominant also for large tan β due to the enhanced couplings to bottom in this region of parameter space. In the lepton-specific B model, however, large tan β implies suppression of both top and bottom couplings and the top associated charged Higgs production is suppressed.
We find that the charged Higgs production fromfusion is dominated by initial states containing charm quarks. All three combinations cb, cs, and cd have production cross sections of the same order of magnitude. While the coupling to cd is suppressed by a factor of ∼ V cd compared to the cb and cs couplings, this suppression is partially compensated by the larger down PDF.
Furthermore, theproduction cross sections are mainly determined by couplings of the charged Higgs involving right handed charm quarks. Those couplings have the same scaling with tan β for all three flavorful models and we indeed observe that also the corresponding cross sections are approximately equal in the three models.
This is particularly interesting for the lepton-specific B case. In the lepton-specific A model, all couplings to quarks are suppressed at large tan β, and charged Higgs production is tiny. In the "B-type" of the model, however, the enhanced couplings to charm open up the possibility to directly probe this region of parameter space at the LHC. In the considered scenario with cos(β − α) = 0, the charged Higgs decays either to quarks or leptons. The decay to W ± h is absent. The decay rate to fermions is given analogous to the neutral Higgs, Eq. (24).
In the type 2B and flipped B models we expect the dominant branching ratio to be tb both for small tan β (where the coupling to top is large) and at large tan β (where the coupling to bottom is enhanced). This can be clearly seen in the plots of Fig. 5 that show the most relevant branching ratios as function of tan β for m H ± = 500 GeV and cos(β − α) = 0.
In the type 2B model, the τ ν decay mode has the second largest branching ratio at large In general, variation of the m mass parameters can change the branching ratios of flavor violating decays by a factor of few.
C. Constraints from direct searches
The constraints in this section are implemented with the same process we used in section IV C.
The strongest constraints come from • searches for light charged Higgs bosons that are produced from top decays and that decay into cs (CMS 
We confront our models with experimental constraints by constructing a χ 2 function that includes the mass differences and mixing phases in B s and B d mixing. The SM predictions and experimental results are taken from [11] (see also [72] for a recent discussion of B s mixing constraints). Note that in our models the m sb and m db mass parameters are largely fixed by the CKM matrix, see 0.78 are taken from [74] (see also [75, 76] ). The parameters η K 2 0.68, η K 3 −0.03, and η K 4 = 1 (see [11] ) encode one loop renormalization group effects.
The relevant observables in Kaon mixing are the mass difference ∆M K and the CP violating parameter K . They can be calculated via
with κ = 0.94 [77] . In Eqs. (6a) and (6b) we saw that the m parameters that are responsible for Kaon mixing are not independent parameters but given in terms of the parameters that govern B s and B d mixing. Given the constraints from B s and B d mixing, we find that new physics effects in Kaon mixing are generically below the current bounds. In particular, we find that new physics effects in ∆M K are at most at the permille level, while effects in K are 10%.
Analogously to Kaon mixing, the new physics contributions to neutral D meson mixing are given by
According to Eqs. (4b) and (4c), the m cu and m uc parameters are strongly suppressed, generically of the order of m u m c /m t . We find that the resulting new physics contributions to the mixing amplitude are many orders of magnitude below the current sensitivities [78] in all the models we consider.
The rare FCNC decay B s → µ + µ − is known to be a highly sensitive probe of new physics (see e.g. [79] 
agrees well with the SM prediction [82]
A generic expression for the branching ratio in presence of NP reads [83, 84]
where y s is the life-time difference of the B s mesons, y s = (6.1±0.7)% [85]. In the above expression we do not consider corrections due to a possible non-standard B s mixing phase φ s [86] . Given the existing constraint on φ s [78] , such corrections to the branching ratio are negligible.
In the SM, the coefficients P SM µµ = 1 and S SM µµ = 0. Corrections due to tree level exchange of the neutral Higgs bosons are collected in the appendix A. As B s meson mixing puts strong constraints on m bs we will set it to zero in the following discussion. In the alignment limit and for m H = m A , as well as neglecting the life time difference, the expression for BR(B s → µ + µ − ) simplifies to parameter is approximately given by m µ in the type 1B and flipped B models. In the type 2B and lepton-specific B models, m µµ is a free parameter of O(m 2 µ /m τ ). Consequently, we expect much more stringent constraints in the type 1B and flipped B models as compared to the type 2B and lepton-specific B models.
In Fig. 8 we show constraints in the plane of heavy Higgs mass m H = m A vs. tan β from B s → µ + µ − in the four flavorful models. In all four models we set cos(β − α) = 0 and m bs = 0. In the type 1B and flipped B models we set the (small) higher order corrections to m µµ to zero, i.e. m µµ = m µ . In the type 2B and lepton-specific B models we set m µµ = +m 2 µ /2m τ . The constraints in the type 2B and lepton-specific B models depend strongly on the choice of m µµ . If m µµ accidentally vanishes, the B s → µ + µ − constraint can be even completely avoided in these models. The bounds in the type 1B and flipped B models, however, are robust. The higher order corrections to m µµ modify them typically by 10% or less. In these models, the shown bounds from B s → µ + µ − can only be avoided by postulating that the CKM matrix is generated in the up-sector.
In comparison to the constraints from direct searches we observe that B s → µ + µ − gives stronger bounds in the type 1B and flipped B models. In the type 2B and lepton-specific models, the direct searches in the τ + τ − channel tend to be more constraining, instead.
C. Lepton flavor violating B meson decays
In the SM, the lepton flavor violating decays based on the b → sτ µ transition are suppressed by the tiny neutrino masses and are far below any imaginable experimental sensitivities. Observation of these decays would be clear sign of new physics. In our setup, tree level exchange of neutral Higgs bosons can induce these decays at levels that might become experimentally accessible.
Similarly to the lepton flavor conserving decay B s → µ + µ − we express the branching ratio of the two body decay
where the last line takes into account the effect of a non-zero life time difference in the B s system.
An analogous expression holds for the decay B s → µ + τ − . We will use the notation B s → τ µ = 
The expressions for the coefficients P τ µ and S τ µ are collected in the appendix A.
As in our discussion of the B s → µ + µ − decay, we set m bs = 0, cos(β − α) = 0, m H = m A , and neglect the life time difference. In this case we find 
In the type 2B and lepton-specific B models, the constraint from B s → τ µ is much weaker. In those models the strongest constraint comes from direct searches for the heavy Higgs bosons in the τ + τ − channel (see Fig. 8 ). Values of BR(B s → τ µ) ∼ few × 10 −6 are possible in those models.
Lepton flavor changing decays involving electrons on the other hand are tiny. Generically we expect in all models
In addition to the B s → τ µ decay, tree level exchange of flavor violating Higgs bosons also leads to three body semi-leptonic B meson decays like B → Kτ µ, B → K * τ µ, and B s → φτ µ.
We find that the B → K * τ µ and B s → φτ µ branching ratios are directly correlated to the B s → τ µ branching ratio. Ignoring the life-time difference in the B s system and using the results from [87] we obtain for the differential branching ratio
where λ(a, b, c) = a 2 + b 2 + c 2 − 2(ab + ac + bc). An analogous expression holds for B s → φτ µ. For the B s meson decay constant we use f Bs 224 MeV [88] . The B → K * and B s → φ form factors A 0 are taken from [89] . Integrating over q 2 , we find
Using the bounds and generic expectations for B s → τ µ in the different flavorful models discussed above, we find that BR(B → K * τ µ) and BR(B s → φτ µ) can be at most few ×10 −9 in the type 1B model and ∼ 10 −10 in the flipped B model, respectively. In the type 2B and lepton-specific B models, however, these branching ratios can be as large as ∼ 10 −7 .
We find similar results also for the B → Kτ µ decay. The fact that B → K is a pseudoscalar to pseudoscalar transition, while B → K * and B s → φ are pseudoscalar to vector transitions has little impact numerically. We find that BR(B → Kτ µ) can be as large as few ×10 −9 in the type 1B model, ∼ 10 −10 in the flipped B model, and ∼ 10 −7 in the type 2B and lepton-specific B models 2 .
VII. CONCLUSIONS
Little is known experimentally about the tiny couplings of the Higgs boson to the light flavors of quarks and leptons. It is thus interesting to study possible alternative origins of mass for the light flavors beyond the 125 GeV Higgs boson. As an example, we analyzed a particular class of 2HDMs with non-trivial flavor structure. In analogy to the four, well studied 2HDMs with natural flavor conservation (NFC), we identified four models that preserve an approximate U (2) 5 flavor symmetry acting on the first two generations. We refer to them as type 1B, type 2B, lepton-specific B, and flipped B. In these flavorful 2HDMs, interesting flavor violating phenomena involving the third generation of fermions can be expected, while the U (2) 5 flavor symmetry still protects flavor violating transitions between the first and second generations.
We studied the production and decay modes of the neutral and charged Higgs bosons of the models, as well as various low energy flavor violating observables, and identified the signatures of the flavorful models that are qualitatively different from the models with NFC.
With regards to the collider phenomenology we find:
• Measurements of Higgs signal strengths give important constraints on the mixing between the two CP-even Higgs bosons, h and H. In the type 2, lepton-specific, and flipped models, the constraints are very similar for the models with NFC and our flavorful models. In the type 1 models the constraints are markedly different due to large modifications of the charm and muon couplings in the type 1B model.
• The main production and decay modes in the type 2B and flipped B models are similar to those in their counterparts with NFC. The highest sensitivity to the type 2B model is achieved in searches for high mass τ + τ − resonances. The flipped B model is largely unconstrained at hadron colliders. The most promising search channels are µ + µ − , bb, and di-jet resonances depending on the mass range.
• In the lepton-specific B model, the production of the heavy neutral and charged Higgs bosons at large tan β is much larger than in the corresponding model with NFC. This opens up the possibility to directly probe the large tan β regime of the lepton-specific B model at hadron colliders in the τ + τ − channel.
• In all flavorful models, the neutral Higgses can have sizable flavor violating branching ratios.
In particular, we find that at large tan β typically BR(H → tc) ∼ 10%. Furthermore, BR(H → τ µ) ∼ 0.1% − 1%. These flavor violating branching ratios depend on unknown model parameters and can vary by a factor of few.
The most interesting features in the flavor phenomenology are:
• In all four flavorful models we find strong constraints from This might call for an underlying flavor model.
• Under the assumption that the CKM matrix is generated in the down sector, the measured value of BR(B s → µ + µ − ) gives strong constraints in the m A vs. tan β parameter space of the type 1B and flipped B models. In the type 2B and lepton-specific B models, this constraint is much weaker and can be completely avoided.
• Lepton flavor violating rare B meson decays might be at an experimentally accessible level.
In particular, in the type 2B and lepton-specific B models, BR(B s → τ µ) could be as large as 
4π 2 e 2 P h + P H + P 
